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Single InGaAs quantum wires and stacked InGaAs quantum wires with InAIAs barriers have 
been fabricated on V-grooved InP substrates by low pressure metal-organic chemical vapour 
deposition (MOCVD). We have found growth conditions where the InAIAs barrier exhibits 
a resharpening effect, similar to that of AIGaAs utilized for growth on GaAs substrates. The 
existence of structural and electronic quantum wires in the bottom of the grooves is proven. 
Introduction 
Recently large progress has been 
made in the growth of in-situ formed 
low dimensional quantum structures 
like quantum wires (QWRs) and 
quantum dots [1,2]. Such structures 
exhibit novel properties particularly 
advantageous for photonic devices 
[3,4] in agreement with predic- 
tions.[5] Most of the work in the 
field of one-dimensional quantum 
structures has been dedicated to the 
lattice matched AIGaAs/GaAs materi- 
al system. In particular the reshar- 
pening effect during the growth of 
AIGaAs in V-grooved GaAs substrates 
allows the formation of three-dimen- 
sional arrays of identically shaped 
quantum wires. However, the impor- 
tant fie|d of fiber communications 
requires light emitters in the 1.3 ~tm 
and 1.55 ~tm wavelength regime, for 
which only InGaAs/InP and InGaAs/ 
InAIAs/InP is the adequate material 
system, respectively. 
In-situ growth of InGaAs-QWRs on 
V-grooved InP substrates by gas 
source molecular beam epitaxy has 
been very recently reported [6] but 
has not been accompl i shed by 
MOCVD up to now. A main problem 
that occurs is the planarisation of the 
V-groove during growth. 
To yield sufficient lateral quantum 
confinement in the wire one has to 
Figure 1. SEM image (tilted 75 ° off [001] towards [11"0]) of as-etched V-groove in (001) InP:$. 
start with very sharp V-grooves and/ 
or grow a buffer layer like InAIAs that 
resharpens the groove. 
Sample Preparation 
Substrate patterning 
Our quantum wire structures are 
grown on nominally exactly oriented 
(001) InP:S substrates. The substrates 
are patterned with fields (10 x 
20 mm 2) of V-grooves aligned ex- 
actly to [110[ direction using con- 
ventional photolithography and wet 
chemical etching techniques. In or- 
der to fabricate grooves of high 
quality a novel etching process has 
been developed [7, 8]. The resulting 
V-grooves have very smooth { 111 }A 
side walls and a tip radius below 
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10 nm (see Fig. 1). The width of the 
grooves is about 3.18 ~tm and the 
depth is about 2.24 ~tm. 
MOCVD growth 
The MOCVD growth is performed in 
a horizontal quartz reactor on a 
rotating susceptor at a total pressure 
of 20 mbar. The total flow rate is 5.52 
1/min. Trimethylalum minimum, tri- 
methylgallium, trimethylindium, pure 
arsine and phosphine serve as pre- 
cursors. We grow two types of QWR- 
structures: (A) InP-InGaAs-InP single 
QWR and (B) InP-InAIAs-(InGaAs-In- 
AlAs) x 5 vertically stacked QWR. To 
create a high quality interface it is 
found to be mandatory 
to start the growth with an InP 
buffer layer. Under normally used 
growth conditions the InP buffer 
layer growth results in ridges per- 
pendicular to the groove axis and 
strong planarisation of the V-groove 
tip. To minimize these growth effects 
we have performed systematic inves- 
tigations of the growth parameters. 
High interface quality for the InP 
buffer layer is obtained at low growth 
temperatures (500°C) and at high V/ 
III ratio (2800). 
Structure A consists of a thin 
nominal 3 nm low temperature InP 
buffer to yield a sufficient lateral 
quantum conf inement .  Then  a 
growth interruption is performed to 
increase the substrate temperature 
up to 640°C to subsequently grow 
the 15 nm thick nominally lattice 
matched InGaAs layer (V/III = 420) 
and the 250 nm thick InP cap layer. 
The nominal layer thickness is de- 
rived from growth on planar InP 
substrates. Actual layer thicknesses 
in the V-groove structure are mod- 
ified. 
For the type-B structures we have 
performed intensive investigations of 
the growth parameters (PAsH3, TG, 
rG) of the InAIAs to obtain a reshar- 
pening effect in the V-groove. We 
obtain the best surface morphology 
of the nominally lattice matched 
InAIAs in the V-groove with the 
following growth parameters: = 1.81 
mbar ,  TG = 640°C,  PAH3 
(001) = 1.801~m/h. The InGaAs layers 
are grown under identical conditions 
as described above for structure A. 
The QWR stack consists of a 20 nm 
low temperature InP buffer layer, a 
510 nm thick InAIAs layer and the 
superlattice of five periods InGaAs 
(15 nm) and InAIAs (170 nm), re- 
spectively. The layer thickness is 
related to growth on (001) planar 
substrates. 
Figure 2. Cross section TEM image of InP/InGaAs/InP single QWR. 
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Characterization 
The structural characterization f the 
samples is performed by transmission 
and scanning electron microscopy 
(TEM, SEM). In or.der to enhance 
the contrast in SEM the samples have 
been selectively etched in a solution 
of citric acid and hydrogen peroxide. 
The optical properties are character- 
ized by photo- and cathodolumines- 
cence  (PL ,  CL) .  The  PL 
measurements are performed at 8 K 
with a Ge-diode for detection. For 
the low temperature (5 K) spatially 
resolved CL measurements we use an 
InGaAs reticon for detection. 
RESULTS & 
DISCUSSION 
I nP / InGaAs / InP  s ing le  
Quantum Wires  
The orientation dependent MOCVD 
growth of InGaAs results in single 
QWRs with crescent shape as seen 
from the TEM image (Fig. 2). 
The wires have dimensions of 
about 130 nm in width and about 
24 nm in height. The lateral extent of 
the wire depends on the InP buffer 
layer thickness. We assume that 
decreasing the deposition time of 
the buffer during MOCVD will re- 
duce the wire width. The wire height 
is controlled by the InGaAs growth 
time. Thus the quantum confinement 
can be adjusted in a wide range. In 
the TEM image quantum wells 
(QWLs) on the groove side wails are 
visible. But the thickness cannot be 
determined from this figure, because 
the imaging conditions in the TEM 
led to dark and bright fringes. We 
expect a thickness of these side- 
QWLs of 4 nm or less because the 
growth rate of InGaAs is seven times 
smaller on the { 111 }A sidewalls than 
on (001) ridges for this specific 
substrate geometry [9]. 
In PL and CL measurements no 
luminescence of side-QWLs is detect- 
able. The QWLs on the ridges be- 
tween the V-grooves show strong 
luminescence with a maximum wa- 
velength at ~. = 1430 nm (FWHM = 
47 meV). The QWR emission is found 
with a maximum wavelength at X = 
1575 nm. The PL and CL results are in 
good agreement [8]. Figure 3 shows 
results of the CL measurement. The 
spatially resolved CL image (see Fig. 
3(b) demonstrates that the lumines- 
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Figure &Cross section SE image of InP/InGaAs/InP QWR sample (a) and spatially resolved integrated CL-intensity on same area (b). 
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Figure 4. Low temperature PL spectrum of InP/InGaAs/InP QWRs with excitation at ~exc 
=1450 nm. 
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cence in the wavelength regime 
1550-1630 nm is dominated by emis- 
sion of the InGaAs-QWRs. 
A weaker luminescence of the 
QWLs on the ridges is also visible 
which is assumed to be an effect of 
size fluctuations. In a PL experiment 
using higher excitation wavelength 
at 1450 nm only QWR states are filled 
(see Fig. 4). 
We yield a FWHM = 17 meV 
(averaged over about 40 wires) 
which is comparable to that of 
GaAs/AlGaAs QWRs [5]. The wave- 
length of the QWR luminescence 
show that the InGaAs is strained 
since the lateral confinement poten- 
tial is samller than 5 meV. A model 
calculation suggests an indium con- 
tent of (57.5 + 0.3)% in the wire [6]. 
I nA IAs / InGaAs / InA IAs  
S tacked  Quantum Wires  
Although the growth experiments 
for optimizing the InAIAs surface 
morphology in the V-grooves are 
not finished yet we grow for the first 
time, to the best ~)f our knowledge, 
vertically stacked InGaAs-QWRs with 
InAIAs barriers to demonstrate the 
ability of InAIAs to resharpen the V- 
groove. Figure 5 shows a cross 
section SEM image of the vertically 
stacked QWR structure. The InGaAs- 
QWRs can be clearly identified and 
the side-QWLs are also revealed. The 
thickness of the side-QWLs and the 
dimensions of the QWRs are in- 
creased since the stain etching for 
the SEM has not been very selective 
for InAIAs vs. InGaAs in order to 
reveal the interface to the InP buffer 
at the same time. 
The interfaces between the tern- 
aries look very rough. From TEM 
images we know that the growth of 
the first InAIAs layer leads to micro- 
twins in the InAIAs and to further 
crystal defects in the structure [7]. 
We assume that this is mainly caused 
by lattice mismatch of the InAIAs 
induced by the substrate corrugation 
similar to the InGaAs growth in 
s t ructure A. Further systematic 
growth investigations with optimized 
Al/In ratio have to be performed in 
the future to reduce these defects. 
The potential for fabrication of 
QWRs in this material system is 
demonstrated in Fig. 6. This TEM 
image shows a magnification of one 
InGaAs QWR of the sample illustrated 
in Fig. 5. The extent of the QWR is 
about 20 nm in height and about 50 
nm in width. In this case the shape of 
the wire is only a function of the 
growth time of InGaAs, because the 
InAIAs resharpens the V-groove to a 
radius of about 8 nm. The side-QWLs 
which are visible in the figure as well 
have a thickness of a few monolayers. 
Figure 6.TEM of one InGaAs-QWR (bright) of 
the stack shown in Figure 5. 
degrees to this plane, which builds a 
prism like structure, the InGaAs 
deposition leads to QWR formation 
on this new developed tip on the 
ridges. Additional QWR formation is 
achieved on the intersection be- 
tween the groove sidewall and the 
ridge. From all three kinds of QWRs 
in the structure radiation is detect- 
able in the wavelength regime 1030- 
1220 nm (Fig. 7), although the 
luminescence is weak due to the 
poor crystal quality. At the same time 
we observe luminescence from the 
various QWLs which occurs at higher 
wavelength (1400-1600 nm). From 
the PL data we find a strong lumines- 
cence at~ = 1513nm(FWHM = 48 
meV) which is related to the QWLs 
on the prism like ridge. Because little 
is known yet about the InGaAs and 
InAIAs composition and the thick- 
ness of the InGaAs QWLs in all 
regions of the sample, detailed mod- 
Figure 5. SEM cross-section image of structure B in the V-groove. Selective etching reveals the 
five vertically stacked InGaAs-QWRs. 
The roughness of the interfaces is 
induced from the poor surface mor- 
phology of the InAIAs barrier. 
Optical measurements exhibit a 
more complicated spectrum from 
this QWR stack than from type-A 
structures. Since the InAIAs growth 
on the ridges occurs not parallel to 
(001) but with an angle of about 15 
eling of this structure will be the 
subject of future work. 
Summary 
For the first time we report the 
successful growth of crescent shaped 
InGaAs-QWRs in high quality wet 
chemical etched V-grooves with 
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Figure ZCross section SE-image {a) and spatially resolved integrated CL intensity on same area 
in the wavelength regime 1033-1216 nm (b) of InAIAs/InGaAs/InP QWR stack. 
{111}A facets on (001) oriented InP- 
substrates by low-pressure MOCVD. 
We have investigated two alternative 
approaches: (A) InP-InGaAs-InP sin- 
gle QWR and (B) InP-InAlAs-(InGaAs- 
InAIAs) x 5 vertically stacked QWR 
structures. In order to optimize both 
types of samples systematic investi- 
gations of the growth parameters 
TG,rG,V/III for InP buffer layer and 
InAIAs barrier epilayer have been 
performed. Best results are obtained 
for the InP buffer layer grown at 
extremely high V/III ratio (2800) and 
at low temperature (500°C). For 
InAIAs barrier we achieve a reshar- 
pening effect of the groove in a 
narrow parameter window at stan- 
dard growth temperature (640°C). 
From transmission and scanning elec- 
tron microscopy images we find wire 
dimensions of 24 nm height and 
130 nm width (structure A), and 
20 nm height and 50 nm width 
(structure B), respectively. Cathodo- 
luminescence measurements unam- 
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biguously demonstrate the existence 
of QWRs with quasi-one-dimensional 
confinement. 
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